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PART I INTRODUCTION
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A. PURPOSE
The response characteristics of a helicopter, with. dual co-axial
counter rotating rotors, to cyclic blade pitch control will be inves-
tigated. Specifically, this thesis will attempt to determine experi-
mentally the effect of varying the collective pitch and the rotational
speed on the response of the helicopter. In addition, the coning angle
and the tilt of the rotor tip path plane in the longitudinal and lateral
directions are to be measured. If time permits, the effect of varying
the chordwise center of gravity of the blades on the damping in pitch
will be studied and an attempt made to measure the lag in the response
of the helicopter fuselage to a cyclic pitch applied to the blades.
The resoonse characteristics will be obtained experimentally for
the hovering flight condition and compared to theory developed by
1
Professor R. H. Miller. In order to simplify the oroblem, only three
degrees of freedom are considered: rotation of the model about the
pitching axis, and rotations of the tip Path plane about the pitching
and rolling axes.
B. PREVIOUS INVESTIGATIONS
Previous studies of the dynamic stability of the helicopter have
been undertaken by several investigators. Most of the work has been
3
based, on the original rotary wing theory developed by Glau3rt.
Hohenemser investigated the longitudinal stability and the response
of a helicopter, with two co-axial counter-rotating rotors, in hovering
flight. In his work, the effects of imposed cyclic blade pitch on the
response was not considered. The response of a single articulated rotor
machine to applied cyclic pitch has been calculated byr Donovan and Goland,
taking into account seven degrees of freedom. Their results indicate
the helicopter to be less unstable than predicated by Hohenemser's cal-
2
culations. Miller has shown that the handling qualities of the heli-
copter may be improved by moving the blade chordwise center of gravity
ahead of the feathering axis. A forward movement of the chordwise center
of gravity was shown to effectively change the "long" period oscillation
from an unstable to a stable oscillation.
7
Meyers , in a series of flight tests, has measured the coning angle
of the blade and the tilt of the blade tip path plane in lateral and
longitudinal directions. The helicopter used in these tests was the
Sikorsky HNS-1. The motions of a blade were recorded in flight with
a 35-millimeter motion-picture camera mounted rigidly on the rotor hub.
Meyers found the experimental results for the coning angle to be in
close agreement with theory, while the values for the tilt of tip
path plane were found. to be considerably higher than predicated.
..............
ADDENDUM
During the preliminary experimental work, the mechanical
failure of an angle of attack control link caused the destruction
of two blades and damage to the model. The model was revised as
a two-bladed single rotor helicopter (Fig. 2) by removing the upper
swash plate and its control mechanism. Therefore, response data
was obtained for the single-rotor model.
If time permits, tests will be made for the dual rotor heli-
copter model.
PART II DESCRIPTION OF APPARATUS
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FIG. 1 DUAL ROTOR HELICOPTER
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A. THE HELICOPTER MODEL
The dual rotor counter-rotating helicopter model is shown in
Fig. 1. The model is secured to the rotor test stand so that it is
allowed to rotate about the pitching axis. The pivot consists of
two cone pointed screws which fit into a clamp fastened to the heli-
copter. The position of the pitching axis of the model may be varied
by adjusting the non-rotating collar of the drive shaft vertically
with respect to this clamp.
The lower swash plate and the control mechanisms are shown in
Fig. 3. The swash plate consists basically of three parts: an
inner collar, and an outer and an inner race of the ball bearing
unit. The inner collar is attached to the drive shaft by two set
screws, mounted in ball bearings, spaced 180 degrees apart. The
collar is connected to the inner race of the ball bearing unit by
two adjustable rods, mounted 90 degrees to the set screw connection
between the collar and drive shaft. The outer -race does not rotate.
The inner and outer races however, are so designed to move through
identical angular displacements. Thus, the entire swash plate unit
may be tilted about either axis independently while the blades are
rotating.
An angle of attack control link is pinned from the inner race
to a slotted section attached to each blade, extending rearward of
the feathering axis. The control links which are simple turnbuckles,
are mounted 180 degrees apart. With the swash plate assemblage fixed
perpendicular to the drive shaft, the collective pitch of each blade
-8-
FIG. 2 SINGLE ROTOR HELICOPTER
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may be set by changing the length of this control link. W;,en the
swash plate is tilted, this link will cause the blade angle of attack
to vary as the blades traverse the azimuth. This change in angle of
attack of the blades is known as cyclical pitch.
The hub, lag hinge and flapping hinge are shown in Fig. 3. The
hub is securely attached to the drive shaft by set screws. The flapping
hinge is located 1-1/8 inches from the center of rotation and is mounted
in ball bearings. There is no damping in the flaoping hinge. The lag
hinge, located 3-5/8 inches from the center of rotation, is mounted in
ball bearings, and has no danping. The lag and flapping hinges were
carefully designed and machined to have a minimum of friction and
play. The blade is securely fastened between two plates of the lag
hinge by two machine screws.
The mechanisms of the upper swash plate are similar to the lower
one. The inner race of the upper swash plate is connected to the
inner drive shaft which rotates in the opposite direction to the outer
drive shaft. The inner race of the lower swash plate is connected to
the outer race of the upper unit by two turnbuckles spaced 90 degrees
apart. This allows the upper outer race and the lower inner race to
rotate in the same direction. Any applied movement to the lower swash
plate will then be directly transmitted to the upper swash plate through
these two turnbuckles.
Scissors connect the outer race of the upper swash plate to the
outer drive shaft. This is done to prevent the outer race from
slipping, and thus insures that each swash plate will undergo the
same angular displacement. The upper end of the scissors are mounted
-E
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FIG. 3 LOWER SWASH PLATE AND CONTROL ]MECHANISMS
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FIG. 3a UPPER AND LOWER SWASH PLATES.
-E
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through a universal joint to a clamp attached to the swash plate,
while the lower end is pinned to the outer drive shaft. These
scissors were machined carefully to keep the play in all joints at
a minimum. A lead slug, attached to the horizontal channel, was found
necessary to equalize the inertia effects of the scissors.
The rotor is driven by an adapted universal drill motor, rated at
110 volts and 1.6 amperes at 500 r.p.m. The motor is mounted directly
to the helicopter gear box which drives the counter-rotating shafts.
B. THE ROTOR BLADES
The airfoil section of the blades is the NACA 0012 and is untwisted
and untapered. They are made of balsa with a metal insert in the
leading edge. Two of the blades have an aluminum insert, 1/2 inches
wide and 3/32 inches thick. At the root, this strip widens to 1-1/2
inches. The other two blades have a steel insert, 1/4 inches wide
and 3/32 inches thick, with the same root fitting. The steel insert
was used in the two latter blades in order to aid in balancing the
blades about the feathering axis, located at the quarter chord point.
Lead slugs, distributed uniformly over the leading edge of the blades,
were added to achieve the exact desired center of gravity position.
The addition of lead at the quarter chord point balanced the blades
dynamically. The variation of the radial center of gravity between
all blades was not greater than 1/64 inches and the blade weights
differed by less than .25 grams.
C. CYCLICAL PITCH CONTROLLER
Cyclical pitch is applied to the helicopter with the mechanism
-13-
FIG. 4 CYCLIC PITCH -CONTROLLER
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shown in Fig. h. The pitch controller consists of a control rod,
lever arm and differential relay. The vertical control rod connects
the swash plate to the lever arm. Motion of the control rod is trans-
mitted through a universal joint to a clamp on the outer race of the
swash plate. The lower end of the rod is attached to the lever arm
with a straight pin mounted in minature ball bearings.
The lever arm is pinned midway between the two relays. As mounted
in Fig. 4, the mechanical advantage is 3.5 to 1.
The differential relay, operating at 110 d.c., is supported on a
platform rigidly attached to the helicopter. The relay nearer the
helicopter holds the swash plate in the neutral position. When the
other relay is in operation, the lever arm is displaced through a
known distance which can be converted to angular displacement of the
swash plate. Thus, cyclical pitch is applied to the blades as des-
cribed in section A.
The neutral position of the swash plate may be adjusted by changing
the length of the vertical control rod through a slide fitting. The
angular movement of the swash plate from its neutral position may be
changed by a vertical relocation of the cyclical pitch relay.
A spring is located between the lever arm and the platform to
support the weight of the lever arm and control rod.
D. RECORDING APPARATUS
The recording apparatus used to measure the angular displacement
of the helicopter in pitch is shown in Fig. 5. The recording arm is
attached to the helicopter by two cone-pointed screws, allowing the
-E
FIG. 5 RECORDING APPARATUS
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arm to pivot as the model is displaced. The sensitivity of the meas-
urement may be varied by changing the distance from the recording arm
attachment to the pitching axis.
The table is rigidly attached to the rotor test stand over which
sensitized paper is unrolled by a powered drum. This drum is driven
by a synchronous inductor motor, normally rated at 75 r.p.m. and geared
down through a worm gear arrangement to 10 r.p.m. A stylus, attached
to the recording arm, rides on the sensitized paper and measures the
displacement of the model about the pitching axis. This displacement
on the paper may be calibrated to angular degrees of pitch, by noting
the geometry of the apparatus.
-17-
PART III THEORETICAL DEVELOPMENT
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NOMENCLATURE
a = slope of the lift curve.
b = blade chord.
d = radial distance from blade center of gravity to the flapping hinge.
e = the flapping hinge offset, measured from the center of rotation.
g = acceleration of gravity.
h = distance from the helicopter pitching axis to the rotor hub.
k = spring constant
1 = distance from the helicopter center of gravity to the line of
action of the spring or to the helicopter pitching axis.
m = mass of the helicopter, including the blades.
b= mass of the blade, outboard of the flapping hinge.
n = total number of blades.
r = distance from the center of rotation to the blade element.
u = velocity normal to the blade element.
w disc loading.
C = profile drag coefficient of the blade element.
I = moment of inertia of the helicopter in Ditch about the pitching
y axis, without the blades, but including the blade mass assumed
to act at the rotor hub.
I = moment of inertia of the blade about the flapping hinge.
Ma = aerodynamic moments about the flapping hinge.
M. = inertia moments about the flapping hinge.
R = rotor radius.
S = total disc area.
T = total thrust
I
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U = tangential velocity at the blade element.
G = absolute angle of attack of the blade element at azimuth position, .
al = angle of rotation of the helicopter about the pitching axis.
blade flapping angle at azimuth position, 4i
= coning angle of the blades.
= component of08 in the XZplane.
= component of in theYZ plane.
= non-dimensional parameter defining rotor blade characteristics
pabR 4  p aSR3
Ib nIb
E = non-dimensional parameter defining helicopter characteristics
eo-pSR
= non-dimensional parameter defining rotor blade characteristics
Semb d
Ib
77 = non-dimensional parameter definingr rotor height above helicopter
pitching axis = h
R
o = blade pitch at any azimuth position
80= collective pitch setting.
, = cyclical pitch setting from trim position.
= non-dimensional parameter defining blade moment of inertia = t
A = rotor axial flow divided by 91 RR
= non-dimensional parameter defining flapping hinge offset = e
p = density of air.
T = rotor solidity, ratio of blade area to disc area.
T = non-dimensional parameter defining helicopter characteristics
a-p o SR
m
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= rotor speed.
(4n = natural frequency of the helicopter.
On
Xb
%%. "-f % -- -.- - .
of Coordinates
/
I
I
Y
Fig. 6 System for Rotor.
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A. EQUATIONS OF MOTION
The equations of motion are derived for a dual rotor counter-rotating
helicopter as in reference 1, by considering7 the displacement of the
helicopter and its blades from fixed axes. Small disturbances from the
equilibrium position are assumed in order to linearize the equations. In
addition, the following assumptions will be made:
1. The inflow velocity is constant over the rotor disc.
2. The thrust is constant, and therefore, the coning angle is constant.
3. Motions in rolling and pitching are decoupled.
4. Tip losses are neglected.
5. Any vertical translation of the rotor center of gravity is neglected.
6. The blades are rigid.
7. The drag coefficient is constant.
8. Only first harmonics of flapping are considered.
As shown in Fig. 6, the displacement of the rotor hub at any time t,
is equal to x. The angular displacements, a and , of the helicopter
and tip path plane, respectively, in the X direction are measured from
the trim position, while P2 is the angular displacement of the tip
path plane in the Y direction. Positive directions are indicated in
Fig. 6.
Since there are three degrees of freedom, 9 , /3, and a,
three equations of motion are necessary.
B. EQUATION OF MOTION OF THE BLADE
The equation of motion of the blade may be derived by considering
the position of an elemental blade mass, dm b, at a radial distance r
from the center of rotation, at any time t. Referring to Fig. 6, and
-U
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noting that * = at, the displacements from the trim position become:
z b = (r-e) Pr+ e a.
yb = y-r sin a t
x = x-r cos
b
For an articulated rotor,
be equal to zero. Therefore,
M. + M = 01 a
the moments about the flapping hinge must
(h)
The aerodynamic moments about the flapping hinge, M (positive when
a
it opposes the motion), will be:
Mia = Pa b ( U2 + Uu ) (r-e) dr
where,
u = - cosP 
- (xb cos St+ b sin at ) sin)8 ,
- XR SR cos 8y .
The primes (') indicate differentiation of the term with respect to
time. This notation will apply throughout part III. Differentiating the
equations (1), (2), and (3) and noting that P, is a small angle, (cos ip= 1
and sin)3 ;, = t, ), the above equation reduces to:
u = - (r-e) -eafr - Ac ,8cos St - jr3sin at
-
R
U = { sin~f - bCosa t
(6)
(1)
(2)
(3)
(5)
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Substituting as before,
U = x sin 2t - y cosSt + flOr (7)
The blade pitch, 8 , relative to the reference axis, is given by,
O + (1 - a, sin t)
for the helicopter model being considered.
Blade flapping may be expressed as,
S,= o, ,cs t+$2,s in ft P. (9)
neglecting higher harmonics. Aand A8 are functions of time.
Since a dual rotor counter-rotating helicopter is being considered,
y is equal to zero. Substitution of equations 6, 7, 8, and 9 into equation
(5) and separation of the steady state sine and cosine terms yields:
-..a= Jsin.nt( 28 r x + Q2 r2&j -dr2az+ Qr ( r-e)32e1 +
-Slr(r-e) )2 +eS2 ra,-X R 2Ri)]+ cosS2t(-fr
(r -e)/8, - S r (r -e)$2%- e SIr a, - Er R x#.l
I RR
+;fr - XR IR r (r - e) dr
Performing the necessary integrations for the constant chord blade, with
no tip lois, equation (10) can be written,
-V' = [A ( - -a,) + B 0 + sinSat
+Q (CX +B8.)
where,
A = (1 - 2
B= Y
2
c= Y
D Y
( 1
( 1
T
29*
The inertia moments about the flapping
acts to decreaseB.,), is given by:
R
e
co st + 'y
- X (1
RT
hinge, M (positive when it
sinsOt )'I (r-e) dmb (12)
Tihe absolute angle of attack, C , referred to axes fixed in space, is
a&= a, cos SOt + a2 sinQ9t (13)
where a is a function of time; and a is equal to zero since the model
is restrained in the roll direction. Algain, y is equal to zero, but care
must be taken to include the blade coupling terms.
Performing the necessary operations and substituting equations(1, 2,
3, 9, and 13) in equation (12), yields:
M1 J=(r- e)(R,+2 - An)cos St + (r - e)($ 2-2 P2 - kG ) sin t
e
+e(,-aS )cosat +e(-2d I)sinQat + xI 0.cosS t
2
+rS ( + ScosSlt +f32sinS~t)} (r-e) dmb (1)I 2Jb
-_ 2
-26-
Integrating,
2 2.
'= (it)+( 203 + R /k-2ta1 Q)sin at
b2
+(,a +2 2 + fS 2 ta,+ P)CosRtS2R
(15)
where, R
2
b J (r-e) dm
b fb
e
and, R
= e (r-e) dmb
b
e
Equations (10) and (15) must satisfy the equation of equilibrium
for moments about the flapping hinge.
M. + M = 0
1. a
This equation will be satisfied at any time t if the coefficients of
sine, cosine and unity terms are separately equal to zero. Therefore,
equating these coefficients to zero yields two equations defining the
blade motion and one indeoendent steady state equation.
Thus, the coefficients of the sine term gives:
)92  A)9 + A a - 2 A)91 ~ a- Dx
~~2 ~~~ ~- B
a a R a SR R (6
and the cosine terms yield:
i+ 232+ + A)91 +
~~2 ~~~~- 
~
-(a 1 +-Cx, + 0 So =
SR SR
F
(17)
0
The unity terms from which may be calculated are:
(1l + ) = B - CX0 R
However, in this analysis the weight of the blades has been neglected,
since the blade mass is assumed to be negligible compared to the thrust.
When the experimental results obtained from the model are compared to
theory this assumption is no longer valid. Therefore, an additional
term due to blade weight must be added in the theoretical analysis.
Thus, equation (18a) becomes:
R. (l + ) (18b)= Be 0 - CAR - Mb g d
Ib 2
Considering the steady state terms of equations (16) and (17), ex-
pressions for 13, and P8may be written as:
( l + ( ) 2
#e =-Ag1A
B 
t
-U
-27-
Ap2+Q CS
(18a)
(18c)
(18d)
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C. EQUATION OF MOTION OF THE HELICOPTER
An additional equation of motion is necessary since there are
three degrees of freedom and only two equations are obtained from
the blade motion. The third equation may be determined from the
summation of the moments acting on the helicopter about the pitching
axis. Moments are considered positive when they oppose the motion,
so that:
I a + ThQ + M + h H + m g 1 a = 0
y I I y x - I
Where, M is the moment about the Y axis, exerted on the helicopter
y
by the reactions at the flapping hinge; T is the total thrust; H
x
is the horizontal force in the X direction; and mgl I is the moment
due to the helicopter mass, which is offset from the pitching axis a
vertical downward distance 1.
Dividing by I and defining, W.= where n the above
y
equation becomes: y
1. a 2 2
a + Th | + M + h H + 022 0 (19)
y Iy I
The average moment M1 about the Y axis for the helicopter being
investigated is given by:
My = moment due to inertia + moment due to lift.
27T R
M = n e z + cos*+ sin ) dmb
(20)
o e
- p a b [U + u U d r cos * d )2If coi 4
-29-
Performing the necessary substitutions and integrations, equation (20)
yields,
2 ((R$*IL2
+-P A + ~I+ R +
iRI IY
2
2(0 -C)r I R
where, for the constant chord blade,
1 ±
2
The averape horizontal force in the X direction is:
1_pb
uU) ( coss2t + u sinst )I d (SO t) dr
The horizontal forces are expressed after integrating as:
=-Hoa 
-H 1 (91-a,) +H 2  + H x
2 2 3 fj
+H 2
6 R2
(21)
N-
P=
2r R
H 2
x ff
0 e
sinQt- a (GU +
(22)
HX
mFR
+ H
(23)
( $,+ 22$+
+ P, a,11
15 a
-30-
Where, again for the constant chord blade the integrals have been
evaluated and are listed below:
( 1 -C 3 ) - x( 1 -C 2 )i
H = T 80
H2 = T e0
-T- ot
2~CC( 3 
-
-
(l
3-
R( 3
2
- C
2
- 2C + )
2
- xR( l - 2C +
= T Re*(C) + _p 2
2( 1-C' +
a
T ~R
H = ( 1 - 2
-77(-C 2
H6 = 1
~7~ 3
C
2
Substituting eauations(21)and (23) into (19) yields:
+ ThG
I
y
+ b
y
n
2 101
+ 2Ont 2
+ nIb
I y
+ N
Li
C 2
2 ( l 
-C)2 12 R
'a + h mi2 Ral IY
H =
o 
--
T
mn 2R
( 1 - C2 )
+L (a - + PC  i
Li
- H G1
- C3)
1 - C)
+ C',3 g6
2L 0
+ PP.
Oa RI
- H, + H + H1 1 2 /32
6 2
-31-
+ H
3
+ H6 k
H + H e
+ 222 al = 0+ H5
Moments produced by H to H ,inclusive, are obtained from the
1 6
relation O H 7 
-C'.
are given by 0=
model, x = h
2
The components of M , due to inertia forces,
y
and in addition, from the restraint on the
Simplifying and collecting terms, the equation
of motion for the helicopter may be obtained as:
dO+-) + 6(P +0Ra
2
+Pj 0+ 22 - 06n2
(N 2 2
+ )92(a+0 )
+ a 22 +0 I R
22I( -4O - 2)
4 a
2 2
+ wI si)
92a( 2Oa
0 177
(24)
By means of the
dat
and R?(
V ft
harmonic substitution, a, = a1Oe
, the differential equations of motion can be re-
duced to algebraic equations. These eauations are listed in Table I.
+ 022)
- 051f
yat
Table I a
The equations of motion, after converting to algebraic
are;
R11 a10+ RI2/3o
R21 a1 + 2f10 + R23g2
+ R13 / 2 0 -
Eq, 25
R3 1a10 + R3 2/310 - R3 3)92 0 = - B 81
where,
= K/2+ZI +
R12=2 0,2+Xv - Y
R13 =w+ X
R =R
R R
(+ )v2 7C
V2 + Az/t+
+ C( + 9-)y - t
R2 R32 = 2v + A
R3 1= (2t + D)v - A
where,
J= 4 + W
X= N+4 9
W.= 2- p
Z = P(e + ,)%)+ 05
K = I + peZa
form,
R, I
for the response of
the helicopter in pitch to a control displacement,
a solution in the form :
a CV4+ C'A3+ Cy2+C'V +C'
81
Where, A
obtained
is the six- degree
by setting the left
characteristic equation
hand side of eq. 25
equal to zero.
A= 0 v6 +C5y5+C V4
= 6V4
Where,
o6 =-K +4((1+G6+
C5 = - 2AK-Z+ C(I
C4 =-K(2 + 4 + A
0 = (1 + )(A
+ C3 SV+G2z'2 +C IV +C
An)C
+ )(AO+X) + C(C+ ,7)
) -2AZ -Y- wa+(Dq+2()(24-W) 
- C
W+AX-A+X-Y) +C(e+A,)(A+ X)
W+ 2X- AY + Xt) + Cie + Soq)(AX +Og+2W-Y)
+ (D? + 2t)(Ao +2X -AW- X) -C.(2Z+2A K+ X+A4) -4Z
-A(AZ+2Y+ 2wAW+ 4K)
C? = n( -)(A X -YC) + CC+ 8&q)(A W+2X -AY+ X0)
+ (D1 + 2t)(-2Y- WC) - (K C+ 2 AZ+ 2Y+ 2i2W-Y+ A X+ )
-A(+Y +w + AO +X - AW+AK +4Z) + 4(-Y- )
yields
Solving the determinant
C(* p(A-t + (D'q4'2C)(-AY-Xg)-C(Zt+AY
+2AJ+-2X+Xt) -A(AZ +2Y+4wa)
x -
22+
- i (C2 A!)
.4
C' a-?.A
3 0
+ B(Z#-W)
4 -A +B(X4'A#-AW)
a #,(-2At-4A) +B(-2-Y-W)
?- 22CIO =4(-t -A) 4 B(-AY- Xt)
CO
and,
Table I b
The equations
form,(neglecting , , c
of motion, af ter converting
and $2)> are
to algebraic
a10
G21 o 10
G31 a 10
+ G12 )9o0
+ G2 2 Plo0
+ G13 / 2 0
+ G2 3 ,82 0
-- G3 2 )-O ~ 3 20
where,
Z v + J + K v2
G12 = Xv - Y
G13 = W/ + X
G21 = ( Cg + C)v-
G2 2 =G3 3 Av +
G2 3 =G3 2 = 2v + A
G3 1 = (D'j + 2 )v -A
The solution of the determinant
2 +
A E v4 + E v 3 +4 Z/ 3 E2p2+ E
= K(- A -4)
Eq. 26
for yields:
where,
y + E0
0
~ 0 1
E', E'1
= W 2C(,.7 + ) - A(Dq +2))
+ 2 (D? + 2 C) + Z(-A2- 4) +
+ X f AC(9+)
((-2At -4A)
E2 AZ(-2t 
-4) + X {
+WfAC(R.77+C) -
(ft +.()2C
2(+A -( x
+ A(-2-) +(tC(3o. + )I
(Dgq+2) -A
+K (-t - A5 + W(
= X fAC(on +C)
+AC(),0 q+C) -Di7-2
({A(-3t -2)
w (-2At -4A)
2 22A
and,
= 44 (- 4 -A) + B(ZX-AW)
= 04 (- 2At -4A) + B(-2Y-tW)
2(A 2t ) +B(-AY- Xt)
E3
-4 -A5
+Z2(-C2-A
+Yf-4
-2_(D?7+2t) 
- AC(R.,7+()i
+(2 - Dn -3 t )i
E' 1
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PART IV EXPERIMENTAL PROCEDUPE
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A. ADJUSTMENT OF THE COLLECTIVE PITCH OF THE ROTOR BLADES
The blades were so constructed that the metal inserts were located
along the airfoil chord. A leveling jig, with the top surface planed
parallel to the airfoil chord, was clamped on the blade and a protractor
with a level was then placed on the clamp. Collective pitch can now
be set by rotating the bubble through the desired angle, and adjusting
the angle of attack control link until the bubble is again centered.
This process is repeated for each blade.
In order to check the blade tracking, or to insure that all the
blades were at the same pitch setting, the tips of each blade were
painted different colors. Thus each blade can be identified while the
rotor is running when a strobotachometer is used to stop the motion.
If the blade tips move in one plane, each blade will oe at the same
collective pitch setting.
B. APPLYING EQUAL CYCLICAL PITCH TO BOTH ROTORS
It is necessary to apply equal cyclical pitch to both rotors.
This can be done by adjusting the linkage system connecting the upper
and lower swash plates. Referring to Fig. 7, the following relations
are easily derived:
r 9 = r 9 ; 9 = r 91 Gl 2 s2 92 2 s
r
3
1 91L = 3 91 9lL 1
r r
X2 91 = r 9 = r 9
T hs 2 2 s
-39-
UPPER
SWASH PLATE
ef-
ANGLE OF ATTACK
CONTROL LINK.
PLATE LINK.
LOWER
SWASH PLATE.
UNIT DEFLECTION.
Fig. 7 Schematic diagram of the control links.
APPLIED BLADE CYCLIC
vs.
AZIMUTH POSITION
1800
REFERENCE POSITIONS
CYCLICAL PITCH APPLIED AT/=900
0
QD
Q.
i.
<0
270
IMUTH POSITION, P/in
PITCH
-3
-2
90 1
+3
Fig. 8.
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By definition, 9 = @
T L
So, r r 9 = r3  9
41 s 3 s
1 -- 1
r22 1
Thus, 
_ r r
Therefore, by fixing X2 and measuring r1 , r2, r 3, and r from the
model, the required value for X can be determined in order to apply
equal cyclical pitch to both rotors. Fig. 8 indicates the cyclic pitch
applied to, the blades as it traverses the azimuth.
C. MASUREIENT OF THE THRUST DEVELOPED BY THE ROTORS
The testing apparatus for measuring the thrust of the single rotor
helicopter is shown in Fig. 9. The model is held perpendicular to the
beam balance with a wooden jig and the entire unit is clamped to the
platform.
Tests were made at various collective pitch settings and at each go ,
thrust readings were recorded at a number of rotational speeds. The re-
corded and reduced data is given in Table II, and the theoretical values
are given in Table III. Experimental and theoretical results are shown
graphically in Figs. 10 and 11. Partial stall of the blades is apparent
at a collective pitch setting of 14 degrees from Fig. 11.
D. MEASUREMENT OF , 2, AND CONING ANGLE, 90
An attempt was made to measure the coning angle, o , by direct
measurements with a transit. The blades were set at a collective pitch
of 8.5 degrees and the transit was located at station A as indicated
schematically in Fir. 12. The rotor hub was used as the reference plane
FIG. 9 THRUST TEST
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TABLE II
THRUST TEST DATA FOR SINGLE ROTOR
Tare weight = 8085 grams.
Distance from the rotor hub to the ground = 8.3 feet.
C 
=
PS AfR2
Speed
r. p en.
310
331
351
380
397
425
449
Total Wgt.
grams
7215
7030
6870
6665
6520
6275
6060
Thrust
grams
870
1055
1215
1420
1565
1810
2025
Thrust
lbs.
1.92
2.33
2.68
3.13
3.45
3.99
4.47
.00623
.00661
.00679
.00667
.00683
.00689
.00691
CT average = .006608
310
330
350
375
403
429
450
475
7335
7150
7020
6860
6670
6450
6265
6090
750
935
1065
1225
1415
1635
1820
1995
1.65
2.06
2.35
2.70
3.12
3.61
4.01
14.1o
.00537
.00591
.00596
.00600
.00600
.00614
.00619
.00609
C average = .00595
1.46
2.13
2.36
2.64
3.03
3.146
4.07
.00473
.00521
.00515
.00514
.00524
.00522
.00518
C average = .00512
8r
degrees
310
357
378
1400
425
455
495
7425
7120
7015
6890
6710
6515
6240
660
965
1070
1195
1375
1570
1845
..44-.
TABLE II (cont'd)
Total Wgt.
grams
7540
7410
7330
7230
7125
7000
6875
6755
6625
Thrust
grams
545
670
755
855
960
1085
1210
1330
1460
C average = .oo1lo
7690
7635
7565
7500
7415
7315
7260
7160
7080
395
450
520
585
670
740
825
925
1005
C average = .00282
T
o e
degrees
Speed
r.p.m.
Thrust
lbs.
310
335
354
375
403
428
450
473
5oo
1.20
1.148
1.66
1.89
2.12
2.39
2.67
2.93
3.22
.00390
.00411
.00415
.00418
.00407
.oo4o8
.00411
.00409
.00420
310
330
354
378
403
425
1448
475
500
.87
.99
1.14
1.29
1.48
1.63
1.82
2.04
2.22
.00283
.00284
.00285
.00282
.00284
.00282
.00283
.00282
.00277
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TABLE III
THEORETICAL THRUST CALCULATIONS FOR SINGLE ROTOR
7~7 XR
at hovering,
c2C =2EX 2R
where,
0 = 6
.06366
xRGo
degrees
.06748
.06121
.05439
.04693
.03859
.00911
.00750
.00592
.ookhl
.00298
7-T T V __ ~ F~f I- t 1 ~ -~ ~ 1 ~ \ \ \ if *\,* \ \ ~
THRUST vs. ROTATIONAL SPEED.
FOR VARIOUS COLLECTIVE PITCH SETTINGS.
Where n=2
- G=lo*
400 450
ROTATIONAL SPEED in r.p.m.
Fig. io
5.2
4.8
4.4
4.0
3.6
3.2
2.8
2.4
2.0
1.6
1.2
300 350 500
G 8
..... ..... 
... 
= 6 *
*... .. .......
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THRUST COEFFICIENT, CT
vs.
COLLECTIVE PITCH SETTING, G4.
Where n= 2
THEORETICAL
.008
.007
.006
.005
z
w
Z5
u-
L. .004
0
c)5 .003
.002
.001
0
2 4 6 8 10 12 14
COLLECTIVE PITCH SETTING,9, in degrees
Fig. ii
.009
EXPERIMENTAL
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with the helicopter rigidly held.perpendicular to the rotor test stand.
The blade motion was stopped along the 0 - 1800 axis with a strobotach-
ometer and strobolux. The telescope of the transit was then sighted on
the tip of the blade at both 0 and if = 1800 and the angular dis-
placement of the blade tip from the reference plane was recorded. The
vertical distance through which the tips of the blades were moved can
be calculated from its angular displacement from the reference plane
and the distance between the transit and the helicopter. Knowing the
radius of the blade, the coning angle can thus be evaluated. This pro-
cedure was repeated at station B, with the blade motion stopped along
the 900 - 2700 axis. Readings were taken at various rotational speeds
at both stations.
A cyclical pitch of 2.5 degrees was next applied to the helicopter
restrained in pitch and secured perpendicular to the rotor test stand.
Blade tip angular displacements were recorded from station A and B as
before. The total displacement can be calculated as described above,
and then 1 and8 2 can be determined, at various rotational speeds.
The results of this test and the values ofP ., , andg8 2 as
computed from the developed thrust and from the theoretical calculations
are listed in Tables IV and V and plotted in Fig. 13. The calculated
values are obtained from equations I8b,cd derived in part III. Dis-
crepancy in the results for, 0 ,5)1 1 andS 2 between the transit readings
and the values calculated from the developed thrust is appreciable.
Recommendations for improved test technique and a discussion of the
validity of the theory are presented in part VI.
010,1
0
/
ANGLE MEASURED
WITH TRANSIT
4#4
TRANSIT ,4\*b
TRANSIT
STATION
STATION A
Fig. 12 Schematic diagram indicating the method employed to measure 4,,and ,.
A. Reduced from
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TABLE IV
CONING ANGLE MEASUREMENTS
Transit Readings
Station A
Speed
r.p.m.
325
375
4lo
488
(left
rad.
Speed
r.p.m.
.0277
.0339
.0361
.0445
325
373
hio
490
o (right)
rad.
.0277
.0319
.0361
.o425
Station B
345
405
430
480
.0313
.0331
.0346
.0365
350
ho8
435
475
.0297
.0344
.034
.0377
B. Reduced from Measured Thrust and Theoretical Calculations
,8( + ) B 60 - C)R, b2
from thrust
(rad)
.0349
.0379
.oo402
.o421
.0437
.0450
.o461
.0470
.0478
as o, theoretical
rad.
.0379
.oo9
.0433
.0)52
.0467
.o480
.0)491
.0500
.0508
Speed
/30,
300
325
350
375
4oo
425
450
1275
500
-51-
TABLE V
AAND f2 TRANSIT MEASUREMENTS
B 8
= -A 2
A. Determination of A
1. Blades at
Speed
r.p.m.
330
400
435
485
i = 00
Tot. Angle
rad.
.00212
0
0
.00106
Po
rad.
.0294
.0355
.0355
.0396
rad.
.0273
.0355
.0355
.0385
discrepancy
- 4o.o
- 22.0
- 22.0
- 15.4
2. Blades at * = 180'
328
395
435
485
.0765
.0785
.0765
.0785
Theoretical value of )9
B. Determination of )2
= .0455 radians
1. Blades
325
375
405
473
at * = 90
.0479
.0512
.0512
.0512
2. Blades at I = 270
325
380
388
473
.0452
.0496
.0413
.0529
Theoretical value of 82 = .00434 radians
.0290
.0350
.0375
.0396
.0475
.0435
.o490
.0389
4.0
4.o
7.68
14.5
.0288
.0335
.0357
.0393
.0191
.0177
.0155
.0119
+ 340.0
+ 307.0
+ 257.0
+ 174.0
.0288
.03140
.0345
.0392
.0164
.0156
.0068
.0137
+ 277.0
+ 259.0
+ 56.6
+ 215.0
+ 
2
A2
44
--T f T T 1
CONING ANGLE,/30 vs. ROTATIONAL -SFEEI'.
At & a--50
THEORET CAL
FROM MEA$URE.D THRUST'
FROM TRANSM READINGS
A
300 4-0 4$0
L A0TTA SPEE C-
* 1
* -.1
* -4
~~1
j
.08
sE
z
Z
0
.05
.04
.03
300
1. -53-
E. RESPONSE TESTS OF THE MODEL.
Test procedure to obtain the response of the helicopter to a
control displacement is presented below:
1) Desired collective pitch setting is adjusted.
2) Blade track is checked with the strobotachometer.
3) Amount of applied cyclic pitch is checked around the azimuth.
4) Desired rotational speed of the rotor is obtained by adjusting the
variac and is measured with the strobotachometer.
5) Recording apparatus is set in motion.
6) Cyclical pitch is applied to the blades and neutralized after the
helicopter has reached a steady state position.
The tests were made at two collective pitch settings, 6 = 12
0r
and 6 0 at 500 r.p.m.. and 350 r.p.m. for each. -pitch setting.1 00
-54-
FIG. 14 MODEL SINGLE ROTOR HELICOPTER RESPONDING TO APPLIED CYCLIC PITCH
(Photographed at 1/1000 of a second)
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PART V ANALYSIS OF DATA AND CALCULATIONS
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A. ANALYSIS OF EXPERIMENTAL DATA
From the geometry of the recording apparatus
(as described in part I - D ), the displacement
made by the recording arm was calibrated into an-
gular degrees of pitching of the helicopter.
The calculated and experimentally determined
paper speed was 3.07 inches per second.
Thus, the total pitch angle, at any time,
can be measured directly from the sensistized
recording paper. The experimentally determined
values of the response at various flioht conditions
are listed in Table VI.
-57-
TABLE VI
EXPERIMENTAL RESPONSE DATA
Collective pitch = 120
Applied cyclic pitch = 2.5
= 350 r.p.m. = 36.64 rad/sec
Test #38
Time a,
(sec) (degrees)
0
.326
.652
.978
1.304
1.956
2.608
3.586
4.238
4.890
0
1.1
3.8
6.25
7.10
6.5
6.75
6.75
6.75
6.75
a'
81
hh
1.52
2.50
2.84
2.60
2.70
2.70
2.70
2.70
Test #39
a,
(4egrees) 81
.75
3.50
5.90
6.80
6.70
6.8o
7.0
7.0
7.0
.30
1.ho
2.36
2.72
2.68
2.72
2.80
2.80
2.80
= h.75 r.p.m. = 49.74 rad/sec
4.14
9.2
11.7
12. 2
12.4
12.145
12.145
12.45
I
Test #40
0
1.8
6.5
10.5
11.75
12.1
11.9
11.2
11.2
11.2
0
.326
.652
.978
1.304
1.956
2.608
3.586
4.238
4.890
Test #41
0
.72
2.60
4-20
4.70
4.81
4.76
14.48
4.148
4.48
.32
1.76
3.68
4.68
4.88
4.96
4.98
4.98
4.98
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Collective Ditch = 80
Applied cyclic pitch = 2.5
Q= 350 r.p.m. = 36.64 rad/sec.
Test #42
Time a
(sec) (degrees)
0
1.1
3.3
4.5
5.4
4.90
4.8
4.8
4.8
4.8
0
1.9
6.3
9.7
10.8
9.75
9.6
10.2
10.2
10.2
ai
0
.44
1.32
1.80
2.20
1.96
1.92
1.92
1.92
1.92
0
.76
2.52
3.68
4.32
3.90
3.84
4.08
4.08
4.08
Test #43
aI(degrees)
0
1.1
3.25
4.80
5.25
4.6
4.6
4.6
4.6
4.6
500 r.p.m. = 52.36 rad/sec
0
2.3
6.6
9.85
10.7
9.6
9.5
9.7
9.7
9.7
0
.326
.652
.978
1.304
1.956
2.608
3.586
4.238
4.890
0
.326
.652
.978
1.3014
1.956
2.608
3.586
4.238
4.890
0
.44
1.30
1.92
2.10
1.84
1.84
1.84
1.84
1.84
0
.92
2.64
3.94
4.28
3.84
3.80
3.88
3.88
3.88
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B. CALCULATION OF THEORETICAL RESPONSE.
To illustrate the method used in obtaining the theoretical response
from the equations of motion developed in part III, a complete calcul-
ation will be carried out for one flight condition. The parameters
for the helicopter tested are:
= .06366
- .o6924
= .06127
=.05635
=- 25ft.
= .09375
- .3828 slugs
Mb
CD
0
R
n
9
0
77
p
= .01427 slugs
= .0012
= 2.5 ft
=-2
0
= 12
= .675
= .002378
= 49.74 rad/sec
The parameters involving the slope of the lift curve must be
corrected by the ratio of the experimental to theoretical thrust. At
a collective pitch of 120, from Fig. 12, the experimental thrust co-
efficient = .00597 and the theoretical = .00746. The correction ratio
is then .8003.
Thus,
Theoretical
T =
E =
Y=
A =
B =
C =
N =
Parameters
.1166
.0322)4
6.209
.7007
.7373
.9767
.002681
Corrected Parameters
T = .09333
g = .02580
= h.969
A = .56075
B = .5900
C = .7816
N = .002137
0-
XR
b
e
M
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Theoretical Parameters Corrected Parameters
P = .003973 P = .003167
D = .2627
The value of the coning angle may be evaluated from equation 18b.
It should be noted that this parameter, at one collective Ditch setting,
varies with rotational speed. At a rotational speed of 49.74 rad/sec
the coning angle is equal to .06612 radians.
The response will be calculated from equation (25) and from the
simplified equation (26) at the same flight conditions, in order to
justify the approximation of assuming $ and , equal to zero.
1. Response Calculations (from equation (25))
From the parameters listed above, the coefficients of the six-
degree characteristic equation may be evaluated.
C6 = .9994 C3 2.338
C5 = 1.220 C2 = 0.3910
C)4 = 4.47 C = 0.02856
C = 0.000814
It is convenient to convert the characteristic equation to time
units expressed in seconds before extracting the roots. This is done
by the relation X= t. Performing this operation, with = 9.74
and dividin7 through by C 6 the coefficients now take the form:
C6  C = 287,900
C5 = 60.7 C2 = 2,186,ooo
C 4= 11,010 C = 7,939,000
C = 11,260,000
-61-
The characteristic equation may now be factored by Lin's method
and a trial and error procedure.
( X + 3.5) ( X + 17) ( 2 + 6.83 X + 19.05) ( A + 33.4 X + 9880) = 0
And, the roots are,
= -3.5
= -17
3,hx
516
= -3.42 + 2.73 i
= -16.7 + 98 i
The coefficients of the numerator are:
C
S3
= .00315
= .004467
= .02992
C 0 = .oo468
C2 = .0132
Converting to time unite, as before,
C 4
C 3
= 0.00315 C1
= 0.222 C
0
= 3690
= 28,700
C2 = 32.6
The response is calculated by Heaviside's expansion formula:
1
K 9G
= H1 (o) +
n
z f(A)
X=X, F'( X)
where,
f ( A) = + C3 +2
At
e .1
S+ C1 X + C0
F ( =6C6 5 + 5 C h +4C 3 + 3 C+ 2 C + 3
+ 2 C 2 + C1
-62-
and,
H1 (o) = C0
Substituting into Heaviside's formula, the response is,
= .00255 - .00342 e
- 3.42 t
- 16.7
- 3.5 t
- .00056 e
- 17 t
( .001508 sin 2.73 t - .001519 cos 2.73 t )
(.000000121 sin 98 t + .0000000698 cos 98 t )
The value of C1 has been calculated at various time intervals
and listed in Table VIII.
2. Response Calculations (from equation (26))
The coefficients of the characteristic equation, at the same
flight conditions as employed above, are:
E4 = 4.314
E3 = 2.316
E2 = 0.3917
E, = 0.02496
E0 = 0.000814
to time units and dividing by E ,
= 1 E1 = 712.1
= 26.71
= 224.7
E= 1155
0
a1
2474 91
-e
-e
Converting
E 4
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The fourth de'ree characteristic equation may now be factored,
as before,
( X+ 9.16 ) ( X + 13.52 ) ( V + 4.03 X+ 9.41 ) = 0
Thus, the roots are,
X =-9.16
S= - 13.52
X = - 2.015 + 2.313 i
34
The coefficients of the numerator are,
= .01692
= .02347
E '= .004678
After converting to time units,
E = .01692
EI = 1.167
E I
0
= 11.595
The response is calculated again by Heaviside's expansion formula.
= .oloo4 - .001028 e
- 9.16 t
- .0002043 e
- e
- 2.015 t
( .0125 sin 2.313 t + .00877 cos 2.313 t )
The value of 1 has been calculated and listed in Table VIII.
91
Response calculations were made for the other flight conditions from
equation (26) only. The method is exactly the same as described above
except the parameters must be corrected at each thrust and rotational
al
573.5 91
- 13.52 t
E 1
-64-
speed condition. This has been done and the results are shown in
Table VIII. The experimental and theoretical responses are plotted
against time and are given in Figs. 16 through 19.
The coefficients of the numerator and characteristic equation in
time units and the roots of the equation for each flight condition,
as calculated from equation (26), are listed in Table VII.
TABLE VII SUMARY OF CALCULATIONS
0 =120 60 - 0
Rotational Speed
(rpm) 475 350 500 350
E2 .01692 .01692 .01455 .01437
E 1.167 .86 
.
8149 .5703
E0 11.595 6.28h 9.978 4.872
E1 1 1 1
E3  26.71 22.54 34.3 2h
E2  224.7 124.4 285.6 14o.81
E 712.1 h38.6 805.5 519.0
1
E 1155 627.3 1617 797.8
- 9.16 
- 2.407 - 7.98 - 2.72
2 - 13.52 
- 16.46 
- 23.47 
- 17.5
3,4 -2.015+2.313 i 
-1.805+3.51 
-1.h25+2.581i 
-1.89±3.634 i
-66-
TABLE VIII
THEORETICAL RESPONSE
Collective pitch = 120
Applied cyclic pitch = 2.50Q = 475 rpm = 49.74 rad/sec
From equation (25)
2.77
4.32
5.3
5.88
6.26
6.30
6.32
6.32
6.32
6.32
From equation (26)
-883
2.62
4.37$5.32
6.10
5.87
5.75
5.76
5.76
5.76
£2= 350 rpm = 36.6h rad/sec
From equation (26)
Time
(sec)
0
.25
.50
.75
1.00
1.50
.385
1.36
2.37
2.99
3.09
Time
(sec)
2.00
2.50
3.00
3.E50
4.oo
4. 50
a,
81
3.06
3.004
3.09
3.11
3.117
3.117
Time
(sec)
.25
.75
1. 00
1. 50
2.oo
2.50
3.00
3.50
4.00
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Collective pitch- = 80
Applied cyclic pitch = 2.5
From eauation (26)
91= 500 rpm = 52.36 rad/sec
Time
0
.25
.50
.75
1. 00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
.64o
2.21
3.85
4.40
4.74
4.50
4. L9
4.56
4.63
4.64
4.62
4.62
SI = 350 rpm = 36.64 rad/sec
Time
0
.25
.50
.75
1. 00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
a'
0
.18
1.02
1.79
2.16
2.28
2.195
2.193
2.233
2.239
2.239
2.239
2.239
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C. CALCUIATION OF THEORETICL RESPONSE, INCLUDING DAMPING.
In order to compare the experimental response more accurately with
theoretical results, the damping caused by the friction of the pivot
must be added to the theory. To do this the damping in the system
was assumed to be viscous and thus the decay of the amplitude may be
represented by a logarithmic decrement. Hence, when the amplitude
ratio is plotted on semi-logarithmic paper, the decay should be a
straight line. This has been done in Fig. 15.
The damping term has only been added to the simplified equations
of motion (equation (26)). The additional term appears in coefficient
Gii which now takes the form:
2
G = K V + Zy+ y+ J
where,
c
y S
and,
c_ - 2 (slope of the decay)
With the damping term added to the equations of motion, the following
additions to the coefficients of the characteristic equation are:
2
E = - (A + 4)
E = - (2At+ hA)
E =2 + A2)
-69-
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A complete calculation, at one fligTht condition, with the addition
of the damping term will be carried out.
The additional terms at a collective pitch of 12
speed of 475 r.p.m. are:
E = - 4.3144
3
E = - 2.31178
2
E = - .318198
1
and rotational
At 475 r.p.m., = - .0058944.
E = .02543
3
E = .01363
2
E = .001876
1
The coefficients of the characteristic equation now become,
E = 4.314
4
E = 2.291
3
E = .3781
2
E = .02309
1
Converting to time units and dividing through by E , as in section B,
4
E =1
E= 26.39
3
Thus
-71-
E = 216.8
2
E = 656.9
1
E0 = 1155
The fourth degree characteristic equation may now be factored,
2(X+ 9.5) ( +13.35) ( X +3.5hX+ 9.12) = 0
Thus, the roots are,
X 9.5
1
- 13.35
2
X 1.77 + 2.447 i
The coefficients of the numerator remain the same as before, since
G does not appear in this calculation.
11
The response is calculated with the new characteristic equation
exactly as done before in section B (2). The results of these cal-
culations are given in Table IX and X and shown 'graphically in Figs.
16 through 19.
Table IX SUMMARY OF CALCULATIONS
(with damoing)
Collective Pitch g 2 -7
Rotational Speed (r.p.m.) 475 500350 = 8 350
E
2 .01692 .01692 .01455 .01437
E
1 ~ 1.167 .-86 .8149 .5703
Eo11.595 6.284 9.978 4.872
E
E3 26.39 22.24 33.94 23.64
E2216.8 118.6 275.6 133.7
E1 656.9 411.3 730.6 481.7
E 1155 627.3 1617 797.8
9.5 
- 2.67 
- 8.15 
- 3
13.35 
- 16.4 - 23.35 
- 17.42
- 1.77+2.447 i -1.535±3.462i 
-1.215+2.673 i -1.62+3.58 i3, 4
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TABLE X
THEORETICAL RESPONSE INCLUDING DAMPING
Collective pitch = 120
Applied cyclic pitch = 2.50
R = 475 r.p.m. = 49.74 rad/sec
Time
(sec)
0
.25
.50
.75
1.00
1.50
2.00
2.50
3.00
3.50h.oo
4.50
al
0
.757
2.67
4.57
5.76
6.28
5.90
5.71
5.72
5.76
5.76
5.76
R = 350 r.p.m. = 36.64 rad/sec
Time
(sec)
0
.25
.50
.75
1.00
1.50
2. 00
2.50
3.00
3.50
4.00
4.50
a,
9,
0
.382
1.37
2.42
3.15
3.24
3.02
3.085
3.117
3.117
3.117
3.117
-73- b
Table X (cont'd)
Collective pitch = 8 0
Applied cyclic pitch = 2.5
Sl= 500 r.p.m. = 52.36 rad/sec
Time
(sec)
0
.25
.50
.75
1.00
1.50
2.00
2.50
3.00
3.50
14.00
4.50
5.00
.593
2.32
4.06
5.23
4.62
4.63
4.36
4.514
4.66
4.65
It.62
4.62
1= 350 r.p.m. = 36.64 rad/sec
a,Time
(sec)
0
.25
.50
.75
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
.173
.965
1.76
2.17
2.34
2.17
2.23
2.25
2.239
2.239
2.239
2.239
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PART VI DISCUSSION OF RESULTS
-79-
Discrepancies between experimental and theoretical results of the
blade motions exist for all values tabulated. The transit measurements
and calculated values of the coning angle were within .5 degrees of
each other. The agreement was good throughout the range of rotational
speeds tested (Fig. 13). The slightly higher theoretical values of the
coning angle may be relied upon as long as the developed thrust is em-
ployed in the calculation.
An average discrepancy of -25% was found between the measured
and calculated values of the tilt of the rotor tip path plane in the
longitudinal direction. From Table V, apparently increased with
rotational speed; however, no theoretical justification could be de-
termined to explain this phenonoma. The measured values of the tilt
of the tip path plane in the lateral direction were approximately three
7
times greater than predicted by theory. Although Meyers and several
other investigators have found 3 to be appreciably greater than ex-
2
pected, the results of this test are believed to have been caused by
a delta - three effect. The nivot located at the end of the channel
section that extends from the lag hinge housing, was not constructed
so that it would be in the same plane as the flapping hinge. Thus,
as the blade moved in a vertical direction the angle of attack changed,
causing an increase in 1 . The apoaratus is being re-designed to
2
eliminate the delta-three effect. Since / n r eaea
increase in 13 would cause a decrease in &-ad thus, may in part
2
22 1
explain the low values obtained for 3 . Although the subject warrants
1
.. re investigation, time did not permit further research.
The test procedure employed in the measurements of the blade motion
-80-
could be improved to give more accurate results by the addition of a
sting located at the quarter chord point and extending outboard in the
plane of the blade. This would aid in sighting the transit on the same
point of the blade for each flight condition. Measurements at more
stations taken at various distances from the model would be heloful to
check the results. As expected, and seen from Fig. 11, the developed
thrust decreased as the collective pitch was increased. At a pitch
0
setting of 12 , the experimental thrust was approximately 80% of the
theoretical value. At 140, partial stall of the blades occurred. The
close correlation of the measured coning angles with the calculated
values, is an indication of the accuracy of the developed thrust meas-
urements. The thrust readings of Table II are within + 10 grams.
The discrenancy between the six-degree and four-degree theoretical
resoonse solutions from zero to approximately one second may be expected
but the steady-state values should be the same. Referring to Table VII, one
real root decreases from - 9.16 to - 3.5 for the simplified and exact sol-
utions, respectively. The difference in these values does not seem plausible
and more investigation of the six-deg'ree solution is necessary. This will
be done and corrections added in an appendix.
The experimental responses (shown in Figs. 16 through 19) are in
general agreement with, although somewhat lower than, the theoretical
results derived from the fourth-degree solution. The character of the
curves are similar throughout the time range. However, the steady state
positions of the helicopter should agree very closely with theory since
the position depends only on the E0 term of the characteristic equation.
This term is only a function of the center of gravity offset and the mass
of the model. hence, it appears that an experimental error may have been
-81-
made in determining these parameters. An attempt will be made to re-
measure these values. The discrepancy of the steady-state positions
may also be caused by the following:
1. Experimental error in determining the moment of inertia
about the pitching axis.
2. "Play" in the blades, i.e., change in angle of attack.
3. Variations in the amount of applied cyclic pitch.
Furthermore, the moment due to the center of gravity offset is a
direct function of sin a . It was assumed, in the derivation of the
equation of motion of the helicopter, that a is small and thus, sin a
= a . However, since the model pitches through as much as 17 degrees,
this assumption is no longer valid and an error of 1% to 2% may be
introduced.
Since the differences between the steady-state theoretical and
experimental position decreases with collective pitch setting and ro-
tational speed, the discrepancy may be due partially to aerodynamic
forces. This may be caused by a decrease in thrust at the higher pitch
settings.
The above possible sources of error will be investigated and the
results included in the appendix. The model is also being re-designed
to eliminate the "play" in the blades.
The theoretical response including the damping term was found to
be in error as the magnitude of c was taken as half the true value.
y
Unfortunately, this error was not discovered in time but the corrected
response with damping will be added and a complete discussion will be
included in the appendix.
PART VII APPENDIX
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Investigation of the discrepancies discussed in Part VI has been
carried out and the final results are presented in tabular and graphical
form in this section.
A. Corrected Six-Degree Theoretical Response
The parameters of the helicopter were checked and found to be
correct. An error was made, however, in the calculation of the co-
efficients, EO and E5; of the six-degree response. The corrected
values, at a collective pitch of 120 and rotational speed of 475 r.p.m.
are:
Non-dimensional
C = .9994
6
C = 1.122
5
C = 4.447
14
C = 2.338
3
C = .3910
2
C = .02856
1
c = .000814
0
C
14
C'
3
C'
2
C*
Converted
C =
6
C =
5
C =
14
C =
3
C =
2
C =
C =
0
= .00315
.004467
.0132
.02992
C
14
C
3
C'
2
C'
to Time Units
1
55.8
11010
287,900
2,186,000
7,939,000
11,260,000
.00315
= .222
- 32.6
= 3690
-2-
C .oo68 C = 26150
0 0
The six-degree characteristic equation may now be factored, as
before, by Lin's method.
2 2( X+ 2.8) (+ 18.56) ( X + 6.629 X+ 20.25)( X + 27.8 X+ 10017) = 0
The roots are,
X = -2.8 X = -18.56
1 2
- 3.315 + 3.o43 i
3,4
- 13.91 + 99.12 i
5,6
The response of the helicopter to applied cyclic pitch is determined
as in Part V and the corrected results are given in Table XI and in Fig. 20.
B. Tywo-Degree Response
In order to complete the theoretical study of the response of the
helicopter, a greatly simplified equation of motion will be derived from
Equation (25) and the calculations carried out for one flight condition
(collective pitch = 120 and rotational speed = 475 r.p.m.). It will
be shown that for the parameters of this helicopter under investigation,
the six-degree solution, as expected, is the most accurate and the two-
degree the least accurate.
Simplifying Equation (25):
-U,
-3-
a l 1 1 1 1
1 1 1 1 14
A (a -a) va
1 11
(27)
+ AG
and, thus
- a1
K 9 2 2(# + )X + A
+ 2 2
X l
x
where
K + () ) )
15
The characteristic equation is,
2
X + 1.885 + 6.34 = 0
Solution of the roots of the characteristic equation is easily
obtaine d:
= - .9425 + 2.33 i
The response is determined as before and the results are given
in Table XI and in Fig. 20.
C. Corrected Fourth-Degree Response, Including Damping.
From Fig. 15, the value of the damping term may be computed. At
0
a rotational speed of 475 r.p.m. and pitch setting of 12 , = .00995.
With this value the additional terms to be added to the fourth degree
characteristic equation, in non-dimensional form, are:
E = .043
3
E = .023
2
E = .00317
1
The coefficients of the characteristic equation now become,
Non-dimensional
E = 4.314
14
E = 2.359
3
E = .4147
2
E = .02813
Converted to Time Units
E =1
h
E = 27.0
3
E = 238.5
2
E = 8o5.0
1
= .000814 E
0
= 1155
The roots of the characteristic equation are:
x = - 9.83
= - 12.28
x = - 2. 46 + 1.85 i
The response is calculated with the new coefficients of the char-
acteristic equation as done in Part V - C. The results of these cal-
culations are given in Table XII and XIII and shown graphically in Figs.
20 through 23.
D. Two-Degree Response, Including Damping
The only coefficient that will change with the addition of
damping is the second. The characteristic equation now is:
2
X + 2.38X + 6.34 = 0
The roots are,
S -1.19 + 2.2 i
The response is given in Table XIII and plotted in Fig. 20a.
E. Corrected Experimental Response
The steady-state position of the response of the helicopter
to applied cyclic pitch is dependent on the following experimentally
determined parameters:
1. Mass of the model.
2. Center of gravity offset.
3. Developed thrust.
4. Applied cyclic pitch.
The discrepancy in the steady-state position, as shown in Figs.
16-19, may be caused by an error in any one of the above parameters.
The mass of the model, center of gravity offset and developed thrust
were measured accurately and thus, the discrepancy may be attributed
to an error in the amount of cyclic pitch applied to the blades. The
transit measurements of 9 , at a collective pitch setting of 8.5 degrees,
were approximately 12% lower than expected. Since / is equivalent to
91, the cyclic pitch applied to the blades for each response test is also
-6-
expected to be lower. The correction to the applied cyclic pitch varies
-with collective pitch and rotational speed. In order to correct the
experimental response, the amount of applied cyclic pitch for each collec-
tive pitch setting has been estimated using the transit measurements of
as reference. Unfortunately, this correction cannot be determined
more accurately since the single-rotor model is no longer available. The
corrected experimental response at the various flight conditions are listed
in Table XII and shown graphically in Figs. 20 through 23.
The correction made tothe applied cyclic pitch varied only with col-
lective pitch, although it was realized that rotational speed should also
be considered. Unfortunately, there was not enough available single-rotor
data to estimate the correction more accurately. The experimental results
are closer to the theoretical response at the higher rotational speeds,
indicating that at the lower speeds the correction was too large. How-
ever, the experimentally determined response of the helicopter to applied
cyclic pitch is in excellent agreement -with theoretical calculations.
As can be seen in Fig. 1, another relay operating a separate scribe,
was connected in parallel with the cyclic pitch control relay. This was
done to measure the lag in the response of the helicopter shaft to applied
cyclic pitch. The results indicate that there was no appreciable lag.
With this additional apparatus, however, the exact starting position
of the response can be determined.
-7-
TABLE XI
THEORETICAL RESPONSE
(from Equation 25)
Collective pitch = 120 0
Applied cyclic pitch = 2.16
Rotational speed 475 r.p.m. = 49.74 rad/sec.
Time Response
(sec)
0 0
*25 1011
.50 2.4
.75 4.35
1.00 5.1
1.50 5.63
2.00 5.71
2.50 5.71
3.00 5.73
3.50 5.73
4.00 5.73
-8-
TABLE XI (cont'd)
THEORETICAL RESPONSE
(from Equation 27)
Collective pitch = 120
Applied cyclic pitch = 2.16
Rotational speed = 475 r.p.m. = 49.74 rad/sec.
Time Response
(sec)
.25 .875
.5o 2.82
.75 4.79
1.00 6.20
1.50 6.80
2.00 5.76
2.50 5.02
3.00 5.06
3.50 5.58
14.00 5.57
4.50 5.32
5.00 5.40
-9-
TABLE XII SIMIJARY OF CALCULATIONS
(Including damping)
Collective pitch 120 80
Rotational speed (r.p.m.) 475 350 500 350
E .01692 .01692 .01455 .011437
2
E 1.167 .86 .8149 .5703
1
E 11.595 6.184 9.978 4.872
0
E 1
E 27.0 23.0 34.9 24.58
3
E 238.5 134.0 303.0 152.5
2
E 805.0 487.0 935.0 580.0
1
E 1155 627.3 1617 797.8
0
-9.83 -1.97 -7.65 -2.30
- 12.28 
- 16.54 
- 23.65 
- 17.65
2
-2.46±1.85 iX 3,4 -2.245 ± 3.64 i - 1.805 ± 2.31i - 2.315 ± 3.75 i
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TABLE XIII
THEORETICAL RESPONSE INCLUDING DAMPING
(from Equation 26)
Collective pitch = 12 <
Applied cyclic pitch = 2.16
Rotational speed 475 r.p.m.
Response
0
.425
2.25
3.91
5.00
5.73
5.82
5.75
5.76
5.76
5.76
5.76
350 r.p.m.
Response
0
.28
1.07
2.10
2.75
2.97
3.02
3.08
3.10
3.117
3.117
3.117
Time
(sec)
0
.25
.50
.75
1.00
1.50
2.00
2.50
3. 00
3.50
4.00
4.5o
5.00
TABLE XIII (cont'd)
0
Collective pitch = 8
Applied cyclic pitch = 2.26
Rotational speed 500 r.p.m.
Time
0
.25
.50o
.75
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
Response
1.88
3.140
4.40
4.75
4.5
4.6
4.62
4.62
4.62
4.62
4.62
350 r.p.m..
Response
0
. 175
1.02
1.74
2.02
2.18
2.20
2.239
2.239
2.239
2.239
2.239
2.239
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TABLE XIII (conttd)
(from Equation 27)
Collective pitch = 12 o
Applied cyclic pitch = 2.16
Rotational speed = 475 r.p.m. = 49.74 rad/sec.
Response
0
. 852
2.6
4.36
5.50
6.16
5.22
5.33
5.41
5.42
5.40
Time
0
.25
.50
.75
1.50
2.00
2.*50
3.00
3.50
4.oo
4.50
5.oo
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TABLE XIV
CORRECTED EXPERIMENTAL RESPONSE DATA
Collective pitch = 12 o
Applied cyclic pitch = 2.16
Rotational speed = 350 r.p.m. = 36.64 rad/sec.
Test #38
Response
0
.509
1.76
2.89
3.29
3.01
3.12
3.12
3.12
3.12
Test #39
Response
0
.348
1.62
2.73
3.15
3.10
3.24
3.24
3.24
3.24
Rotational speed = 475 r.p.m. = 49.74 rad/sec
Test #40
Response
Test #41
Response
0
.833
3.01
4.86
5.414
5.6
5.5
5.18
5.23
5.23
0
.37
2.04
4.25
5.42
5.65
5.74
5.76
5.76
5.76
Time
(sec)
0
.326
.652
.978
1. 304
1.956
2.608
3.586
4.238
4.890
Time
(sec)
0
.326
.652
.978
1.3014
1.956
2.608
3.586
4.238
4.890
TABLE XIV (cont'd)
0
Collective pitch = 8 0
Applied cyclic pitch = 2.26
Rotational speed = 350 r.p.m.. = 36.64 rad/sec.
Test #42
Response
Test #43
Response
.486
1.46
1.99
2.39
2.19
2.12
2.12
2.12
2.12
.486
1.44-0
2.12
2.32
2.10
2.03
2.03
2.03
2.03
Rotation speed = 500 r.D.m. = 52.36 rad/sec.
Test #h4
Response
.84
2.79
4.28
4.77
4.32
4.25
4.52
4.56
4.56
Test #45
Response
1.018
2.92
h.36
4.73
4.25
h.16
4.25
4.25
4.25
Time
(sec)
0
.326
.652
.978
1.304
1.956
2.608
3.586
4.238
4.890
Time
(sec)
0
.326
.652
.978
1.304
1.956
2.608
3.586
4.238
h.890
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